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Abstract. An experimental and computational investigation of the space-charge
effects occurring in ultrafast photoelectron spectroscopy from the gas phase is
presented. The target sample CF3I is excited by ultrashort (100 fs) far-ultraviolet
radiation pulses produced by a free-electron laser. The modification of the energy
distribution of the photoelectrons, i.e. the shift and broadening of the spectral
structures, is monitored as a function of the pulse intensity. A novel computational
approach is presented in which a survey spectrum acquired at low radiation fluence is
used to determine the initial energy distribution of the electrons after the photoemission
event. The spectrum modified by the space-charge effects is then reproduced by
N -body calculations that simulate the dynamics of the photoelectrons subject to
the mutual Coulomb repulsion and to the attractive force of the positive ions.
The employed numerical method allows to reproduce the complete photoelectron
spectrum and not just a specific photoemission structure. The simulations also provide
information on the time evolution of the space-charge effects on the picosecond scale.
Differences with the case of photoemission from solid samples are highlighted and
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discussed. The presented simulation procedure constitutes an effective tool to predict
and account for space-charge effect in time-resolved photoemission experiments with
high-intensity pulsed sources.
Keywords: Gas-phase photoemission, Space-charge effects, Free-electron lasers,
Trifluoroiodomethane
1. Introduction
The extension of the photoelectron spectroscopy (PES) to time-resolved investigations
has established itself in recent years as one of the most powerful and promising
methods for the study of the electron, spin and lattice dynamics with picosecond and
femtosecond time resolution [1–4]. The pump-and-probe PES technique was successfully
employed, for example, in investigating the dynamics of surface chemical reactions [5],
demagnetization processes [6–9], charge density waves [10], image potential states [11],
relaxation of photoexcited molecules [12]. Advancements with the use of the pump-and-
probe technique are strictly related to the development of stable and intense sources
with ultrashort (fs–ps) pulse duration. While the pump signal is often provided by
a pulsed optical laser, the list of employed sources for the probe radiation includes
the multiplication of a laser fundamental frequency through non-linear crystals [7, 10]
or high-harmonic generation (HHG) [13–15], synchrotron light [9, 16, 17], free-electron
lasers (FELs) [18–22]. This collection of available sources covers a photon-energy range
extending from the near ultraviolet to the hard X-rays.
The reduction of the pulse duration to the scale of picoseconds or femtoseconds
implies the arrival of a considerable number of photons on the sample within an
ultrashort time, with the consequent simultaneous emission of a huge quantity of
photoelectrons from a region of space of the dimensions of the beam spot. Photoemitted
electrons are subject to mutual Coulomb repulsion and to the attractive force of the
positive charges left in the irradiated material system, determining a variation in their
kinetic energy and momentum. The measured spectrum consequently differs from the
genuine distribution of the electron kinetic energy after the photoemission event. The
two most important effects that are observed are the shift of the position and the
broadening of the PES structures (valence band or orbitals, core levels, Auger peaks)
on the scale of the kinetic energies [23].
Space-charge effects in PES were observed for the first time in the eighties in
multiphoton ionization experiments on gases that used optical and near-ultraviolet
pulsed lasers [24, 25]. Strategies to cancel or reduce them included decreasing the
laser intensity [24, 26], defocusing of the incident beam [26] and the reduction of the
gas pressure [27] but no systematic study or numerical simulation were carried out.
Apart the shift and broadening of the PES lines, the observed suppression of lower
order peaks in multiphoton ionization processes [28–30] was ascribed to the attractive
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force of the ions that traps the slower electrons and prevents them from reaching the
spectrometer [31, 32]. Observations in photoemission experiments from solid surfaces
followed and more comprehensive studies were carried out using different pulsed sources
and exploring a wide range of photon energies [18, 23, 33–45]. These investigations
evidenced that in PES experiments from solids the space-charge effects are dominated
by the numerous low-energy (.20 eV) secondary electrons that constitute the most
abundant part of the charge emitted in vacuum. The PES lines are typically shifted
towards higher kinetic energies due to the repulsive force of the slow secondary electrons
that remain closer to the sample surface and push the faster primary photoelectrons
away. Energy shift and broadening are both directly proportional to the number N of
emitted electrons per pulse (and then to the pulse intensity I) and inversely proportional
to the linear size a of the beam spot on the sample surface, but they slightly depend on
the kinetic energy of the PES structures under study [23,46]. Space-charge effects were
recently studied also in photoemission from liquid solutions [47].
While a simple theoretical description of the space-charge limited (SCL) current
in thermionic valves or phototubes was well established decades ago [48], a rigorous
treatment of the Coulomb interactions in the photoelectron cloud is much more complex
but some effective simplified models have been proposed. The space-charge effects
are traditionally treated distinguishing between a deterministic contribution, which
represents the repulsive force exerted by the average (macroscopic) charge density ρ(r, t)
of the electron cloud, and a stochastic contribution, which describes the electron-electron
scattering events and takes into account the granularity and stochastic nature of the
electron cloud [49, 50]. Simulations of the deterministic effects are usually carried out
following the trajectories as a function of time of a limited number of particles and
apportioning the total charge of the electron cloud among the considered trajectories.
The use of advanced softwares like SIMIONR©, based on the solution of the Laplace’s
equation, allowed to include the space-charge effects in the simulation of the motion
of the photoelectrons inside a time-of-flight (TOF) spectrometer [4, 50, 51]. Long,
Itchkawitz and Kabler proposed more than twenty years ago a model to predict the
deterministic contribution to the energy broadening of the PES structures. In this
model the photoelectrons are described as a negative charge flying between the plates of
a spherical capacitor [39]. Despite its numerous simplifications, this model justifies the
linear dependence of the energy broadening ∆EB on the ratio N/a and revealed to be
effective in quantifying the order of magnitude of ∆EB measured in PES experiments
with different pulsed sources [52]. The stochastic contribution to the space charge
has been known for many years in electron microscopy as Boersch effect [53] and it
induces an energy momentum broadening that adds to the effects of the charge density
ρ(r, t) [49, 50].
The distinction between deterministic and stochastic contributions is overcome by
simulation procedures that reproduce the trajectories of as many electrons as those
actually photoemitted in the experiment under study. In this way, the simulation takes
into account both the long-range effects of the net charge distributions of electrons and
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ions and the short-range electron-electron interaction. Hellmann et al. [46] were the
first to propose a N -body simulation scheme based on the Barnes-Hut algorithm [54],
in which the trajectories of the N photoelectrons (representing the photoelectron cloud
generated by a single pulse) are determined with an approximate calculation of the
force acting on each particle and by performing a leapfrog integration of the equations
of motion of each electron. This method requires the use of the Treecode software [55]
with slight modifications [46, 52] and has been applied to successfully reproduce the
space-charge effects observed in numerous measurements [19,37,42,45,46,56] as well as
for a feasibility study of future experiments [51,52]. Experiments and simulations were
also carried out to study the contribution to the space charge from the photoelectrons
generated by the optical or near ultraviolet pump radiation via multiphoton processes
and its dependence on the delay time between the pump and probe pulses [37,44,45,56].
A realistic N -body simulation of the space-charge effects should consider an initial
kinetic-energy distribution of the photoelectrons Yin(EK) defined in the whole range
of energies from 0 eV to about hν. Yin(EK) represent the photoemission spectrum
unaffected by the space charge. The motion of each of the N electrons is then calculated
until the particles are spaced far enough apart that the Coulomb interactions are
negligible. The final kinetic-energy distribution Yfin(EK) of the photoelectrons is then
compared with the measured spectra, analyzing in detail the modifications induced
by the space charge on the various photoemission structures in both experiment and
simulation. With this approach, it will be possible to unambiguously verify the reliability
of the simulation procedure and to control the accuracy of the physical parameters at
the base of the calculations, first of all the space-charge-free photoelectron spectrum
Yin(EK). The advantage of this method is the use of a single simulation procedure
to consistently reconstruct the original shape of all the photoemission structures or to
perform feasibility studies for future experiments that monitors the influence of the
expected distortions in different kinetic-energy regions of the spectra. Nevertheless,
the method of a full-spectrum N -body simulation of PES experiments has not been yet
explored. Most of the calculations reported in literature for the photoemission from solid
surfaces are focused on studying the space-charge effects on a single specific structure (a
core level or the valence band), assuming for the secondary electrons a rude rectangular
energy distribution [19, 42, 46] or a delta-function distribution [51, 52] and neglecting
the contribution of the higher-energy photoelectrons (other photoemission structures
and inelastically scattered electrons). It must be said that a PES experiment from a
solid sample is not the easiest test to attempt a full-spectrum simulation. Most of the
particles that enter in the simulation are secondary electrons, which constitute the large
majority of the overall photoelectrons (80–99 %) [57]. The kinetic-energy distribution
of these secondary electrons is essentially a very broad bump extending from 0 to about
20 eV, which is expected to be visibly affected by the space charge only at very high
pulse intensity. Nevertheless, secondary electrons necessarily occupy the most part of
the computation time but they must be included because they are primarily responsible
for the distortion of the sharper and more interesting higher energy structures (core
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levels, valence band and Auger peaks).
A much smaller number of secondary electrons are generated in photoemission from
the gas phase. In these experiments the primary photoelectrons themselves are the main
source of the shift ad broadening of the PES structures that compose their kinetic-
energy distribution, with a small contribution from inelastically scattered electrons.
Measurements on gases then offer a simple way to compare the full-spectrum simulations
with the experimental results with a lower computational effort with respect to the
case of solids. Another simplification for a first test is the use of a moderate photon
energy (extreme ultraviolet or soft X-rays) that avoids working on very extended ‘survey’
spectra presenting a lot of different structures.
In the present paper, N -body calculations are used to reproduce the space-
charge effect in photoemission spectra from gaseous trifluoroiodomethane (CF3I) excited
through hν=95 eV ultrashort (∼100 fs) FEL radiation pulses. The measurements
show the evolution of the shift and broadening of the PES structures with increasing
the intensity I of the radiation pulses. Spectra acquired at low photon flux and
with negligible space-charge provide the initial kinetic-energy distribution Yin(EK) for
the photoelectrons in the simulation. The final kinetic-energy distributions Yfin(EK)
obtained from the simulations for different values of I are then compared with the
experimental spectra. As we shall see, the good qualitative and quantitative agreement
between experiment and simulations guarantees the reliability of the adopted theoretical
and numerical approach. The presented computational tool is proposed as a standard
procedure for taking into account space-charge effects in PES, including investigations
on solid samples or using other pulsed sources (first of all HHG), and provides an
instrument for the partial correction of the acquired spectra and for the design of future
experiments.
2. Experimental
The photoelectron spectroscopy experiment was carried out at beamline-1 [58] of
SACLA XFEL facility [59] at SPring-8 campus using ultrashort (∆t ∼100 fs), quasi-
monochromatic VUV pulses, the so-called pink-beam, at a repetition rate of 60 Hz. The
VUV-FEL photon energy and the average pulse energy were 95 eV and 85 µJ/pulse,
respectively. The corresponding photon flux was about I0=5.6·1012 photons/pulse and
the beam diameter at the sample position was measured to be about 10 µm. All the
photoelectron spectra have been measured using an apparatus consisting of an SES-2002
hemispherical electron-energy analyzer equipped with a 10 mm long GC-50 tunable gas
cell. This apparatus is also regularly used for the gas-phase hard x-ray photoelectron
spectroscopy (HAXPES) experiment at the SPring-8 undulator beamlines [60]. Further
details on the experimental setup will be illustrated in a forthcoming publication [61].
In order to study the space-charge effect on the electron spectrum, the pulse
intensity at the sample position was adjusted using a 2.6 m-long gas-attenuator chamber
filled with N2 gas at a pressure varying between 1 and 90 Pa. Accordingly, the pulse
Photoemission from the gas phase: An investigation of the space-charge effects 6
intensity I of the attenuated beam was ranged between approximately 1·107 and 5·1012
photons/pulse at the sample position. The target sample for the present study was
trifluoroiodomethane (CF3I) molecules fed into the main chamber via a gas cell. The
pressure in the experimental chamber (outside the gas cell) was maintained at about
1.3·10−3 Pa, corresponding to an estimated pressure of 1.26 Pa inside the gas cell. The
gas cell was at room temperature during the experiment hence the density of CF3I in
the gas cell was ρ=3.0·1014 molecules/cm3. The pulse intensity I can be considered as
constant along the length of the gas cell. In fact, the attenuation length of the radiation
in the gas cell is given by
λ =
1
µ
=
1
ρσM
where µ is the absorption coefficient and σM is the absorption cross section of a CF3I
molecule for hν=95 eV photons. From the tabulated total atomic photoionization cross
sections for C, F, and I [62], an approximated absorption cross section σM=19.1 Mb
can be estimated. This results in an attenuation length λ=1.7 m which is much greater
than the 10 mm length of the gas cell. All the spectra were recorded operating the
photoelectron analyzer in sweep mode, using a pass energy of 50 eV and an entrance slit
width of 1.5 mm, resulting in a nominal analyzer energy resolution (full width at half
maximum, FWHM) of 190 meV and a total instrumental energy resolution (including
photon band pass) of about 1.44 eV. The typical acquisition time for one spectrum was
15 minutes.
3. Simulations
The calculations were carried out using a modified version of the open-source Treecode
software [55] based on the Barnes-Hut algorithm [54] that was already applied for
the simulation of the space-charge effects in the case of photoemission from a solid
surface [52]. In the simulations, the trajectories of the photoelectrons are calculated
considering both their mutual Coulomb repulsion and the Coulomb attraction with the
positive ions left behind. The ions can be considered at rest during the flight of the
electrons, the root-mean-square (rms) velocity of a CF3I molecule being 196 m/s at
300 K in the ideal gas approximation whereas the speed of an electron with a kinetic
energy of just 1 eV is 5.9·105 m/s. On the other hand, in the time between two successive
pulses (0.017 s) CF3I molecules travel an average distance of about 3 m, indicating that
when the new pulse arrives the ions have left the gas cell or have repeatedly bounced
off its walls neutralizing their charge. So it can be assumed that every radiation pulse
interacts with a gas of neutral molecules. Photoelectrons are considered as all emitted
at the instant t=0.
The simulation procedure requires to define the initial configuration of the Ne
photoelectrons that are taken into account, i.e. their spatial positions ri and velocities
vi at the instant t=0 in a defined Oxˆyˆzˆ reference system. The initial position ri of
each photoelectron i = 1, ..., Ne is randomly selected inside a cylinder that represents
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the region of the gas cell crossed by the FEL radiation beam. The radius of the cylinder
a=5 µm corresponds to half the measured beam diameter, while the length of the
cylinder is l=30 µm and is approximately equal to the spatial extension of the pulse,
its duration being ∼100 fs as stated above. The axis of the cylinder corresponds to
the xˆ coordinate axis. The initial kinetic energy EKi of each photoelectron is instead
randomly selected according to a normalized probability distribution f(EK) which
essentially reproduces a reference experimental photoelectron spectrum acquired with
low radiation intensity (I = 6.6 · 107 photons/pulse at an attenuating N2 gas pressure
p=80 Pa) and presenting negligible space-charge effects. The transmission function for
the spectrometer is assumed determined by the angular magnification of the entrance
lens and hence directly proportional to (EK)
− 1
2 [63,64]. The low-flux spectrum acquired
at p=80 Pa is then multiplied by a function proportional to
√
EK and a polynomial is
used to extrapolate the spectrum in the non-measured low kinetic-energy range 0–7 eV.
The area of the obtained function in EK is finally normalized to 1, giving as a result the
probability distribution f(EK). The modulus of the initial velocity of each photoelectron
is then calculated from the initial kinetic energy EKi as |vi| =
√
2EKi/m. For simplicity,
all the photoelectrons (photoelectrons from the valence orbitals and from the core levels,
Auger electrons, inelastic background) are assumed to be emitted isotropically. Space-
charge effects at different pulse intensities I are then simulated varying the number Ne
of photoelectrons emitted from the cylinder at t=0. For relatively low values of Ne
(less than 30,000), in order to improve statistics the procedure is repeated with different
initial configurations and the obtained final kinetic energy spectra are averaged.
The number of photoemitted electrons Ne that are included in a simulation can
be related to the number of photons per pulse I through the ionization cross section.
The absorption coefficient µ = ρσM multiplied by I represents the number of absorbed
photons per unit length along the beam path, but this does not correspond to the number
of photoelectrons per unit length ne because Auger electrons are also emitted due to the
core-hole decay. The core-hole lifetime is typically of the order of few femtoseconds or
less [65] and then much shorter than the pulse duration, so that the emission of Auger
electrons is assumed as simultaneous to the emission of the primary photoelectrons.
Conversely, modifications in the electron energy distribution due to the simulated space-
charge effects occur on a timescale at least of the order of hundreds of fs (see below)
and then significantly larger than the pulse duration. The 95 eV radiation is above
ionization thresholds for the F 2s and the I 4d core levels, whose binding energies EB
are ∼40 eV and 57.8 eV (4d5/2) and 59.5 (4d3/2) eV, respectively [66, 67]. For these
values of binding energies in the L and N shells the recombination of the core holes can
be considered completely non-radiative [68, 69]. Previous studies [66, 70] demonstrated
that the contribution of Auger electrons due to the creation of a photohole in the valence
orbitals is negligible. So we can assume that the Auger recombination processes originate
only from holes in the F 2s (LVV) and I 4d (NVV) states and for the same reasons we
also exclude the formation of multiple Auger electrons due to the cascade phenomenon.
The overall number of photoelectrons per unit length of the beam path generated in the
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gas can then be estimated as the sum of primary photoelectrons and Auger electrons
with the formula
ne = ρ (σM + 3σF2s + σI4d) I (1)
where σF2s=0.60 Mb and σI4d=9.1 Mb are the tabulated absorption cross sections for the
two core levels at hν=95 eV [62]. The proportionality coefficient ρ (σM + 3σF2s + σI4d)
corresponds to a production of 913 photoelectrons per µm of beam path and per billion
photons. The number of photoelectrons taken into account in the simulation is then
given by Ne = nel, where l is the length of the cylinder assumed as source of the
charged particles. The contribution of the positive ions is then represented by a static
positive charge +Nee (where e is the absolute electron charge) uniformly distributed in
the volume of the cylinder.
Given the initial positions and velocities of the photoelectron at instant t=0, the
simulation code calculates the force acting on each electron and then the new position
and velocity after a leapfrog integration time step δt [46,52,55]. The procedure is then
iterated simulating the dynamics of the photoelectron cloud in the interval between t=0
and a chosen ending time tf . It is then possible to obtain a histogram of the kinetic
energy of photoelectrons at different times t and the final histogram at t = tf is the
simulated spectrum Yfin(EK) that shall be compared with the experiment.
The integration time step must be carefully chosen because too large values produce
a poor time resolution and results that significantly differ from the real integrated
solutions; on the other end, a too short time step is uselessly time consuming [52].
Moreover, in the presented case a time step shorter than the pulse duration (∼0.1 ps)
makes the approximation of instantaneous emission of the photoelectrons meaningless.
Simulation tests carried out with different time steps δt revealed that negligible
variations in the results are found decreasing δt below 0.125 ps. Furthermore, this
value of integration time step is slightly longer than the pulse duration but shorter
than the time scale at which significative modifications in the simulated electron energy
distribution are observed (about 1 ps as demonstrated below) and is then adopted for
the calculations.
4. Results
In figure 1 we show a selection of the experimental photoelectron spectra acquired in the
kinetic-energy range 7–100 eV for different values of the exciting pulse intensity I. In
the spectra reported in the figure, the pulse intensity varies between 6.6·107 and 7.9·1010
photons per pulse and these values of flux were obtained changing the attenuating N2
gas pressure in the range 80–30 Pa. It is evident a progressive shift towards lower
kinetic energy of most of the structures, in particular the I 4d (∼37 eV) and the F 2s
(∼56 eV) core levels. This can be ascribed to the attractive force of the positive ions
left in the irradiated cylinder. Nevertheless, at low photon flux no shift is present for
the structure of the valence orbitals that extends in the 65–85 eV kinetic-energy range.
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Figure 1. Experimental photoelectron spectra for different pulse intensity I from the
CF3I gas in the kinetic-energy range 7–100 eV using a FEL photon energy of 95 eV.
The labels next to the displayed curves indicate the corresponding intensity in terms
of number of photons per pulse. The vertical lines indicate the energy positions at low
photon flux for the maxima of the I 4d core level (37.1 eV), of the F 2s core level (55.6
eV) and of the most intense component of the valence band, the 3e state [67] (78.7
eV), and make it easier to evidence the shift of the corresponding structures.
This reduced space-charge effect is caused by the shielding effect of the lower-energy
electrons that during the flight are mostly located between the “motionless” positive
ions and the faster photoelectrons from the valence band. Only for very high photon
flux, the valence band experiences a clear shift towards higher kinetic energies. The
maximal kinetic-energy value of the valence band, which is associated to photoelectrons
from the highest occupied molecular orbital (HOMO) structure, increases from ∼85 eV
to 91 eV in the reported spectra and exceeds 100 eV at full pulse intensity (not shown
in figure 1). The experimental measurements also manifest an energy broadening of the
reported structures. For example, it is evident that the detailed structure of the valence
band [66, 67] is lost when the intensity reaches 4.7·109 photons/pulse.
The photoelectron spectra obtained from the N -body simulations are shown in
figure 2. The simulations were carried out considering different values of linear density
of photoelectrons ne in the range 0.11–8.4·103 electrons/µm/pulse and the distortions
induced by the space charge understandably become more pronounced with increasing
ne. The values of pulse intensity I reported next to every spectrum is obtained from ne
through equation (1), ranging approximately from 1·108 to 1·1010 photons/pulse. The
reported spectra are the histograms of the kinetic energy of the photoelectrons at a time
t=125 ps after the arrival of the radiation pulse and the photoemission event. Extending
the simulation time t beyond 125 ps does not cause further changes in the energy
distribution of the photoelectrons. Notably, similarly to the experimental spectra, the
simulations predict a shift towards lower kinetic energy for the I 4d and of the F 2p core
levels and a fixed position for the valence-band states that move towards higher kinetic
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Figure 2. Simulated photoelectron spectra for different values of the pulse intensity
I (1.2·108–9.1·109 photons per pulse), indicated by the labels next to each displayed
curve. The displayed kinetic energy distributions are calculated at time t=125 ps after
the arrival of the FEL pulse. The lowest dotted curve represents the initial kinetic-
energy distribution of photoelectrons at instant t=0.
energy only at very large photon fluxes. Simulations also foresee an energy broadening
of the photoemission structures.
It is important to compare quantitatively the values of energy shift and broadening
and their dependence on the pulse intensity as obtained from the experiment and from
the simulation procedures. To this end, we focus on the two core-level peaks I 4d
and F 2s. The position in terms of kinetic energy of their maximum and their energy
width are extracted from both the experimental and the simulated spectra through
a fitting procedure. The profile of both these peaks was fitted as the sum of two
Gaussian functions with the additional contribution of a simple linear background. In
particular, the use of a double Gaussian is necessary for the I 4d peak because of the
spin-orbit splitting between d3/2 and d5/2 components, that results 1.76 eV in agreement
with the tabulated data [71], with a fixed branching ratio of 0.67. The presence of a
doublet structure in the F 2s peak is instead ascribed to a symmetry breaking induced
by the photoionization process which splits the molecular orbitals into states of e and
a1 character [72]. Analyzing the experimental spectra acquired with lower intensity I
(small space-charge effects), the separation between the two components is found to be
3.4 eV while the ratio between the intensities results 0.63 with the main peak at higher
kinetic energy. These values are very similar to those obtained on the analogous CF3H
molecular gas using hν=132.3 eV radiation [72].
The fitting of the experimental I 4d and F 2s photoemission lines acquired with
a moderate intensity I=2.7·108 photons/pulse are reported in figures 3 (a) and (b),
respectively. The significant quantities that are extracted from the fitting are the energy
position of the main peak EM (the j=5/2 component for the I 4d core level and the
state with e character for F 2s) and the full width at half maximum (FWHM) of the
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Figure 3. (a)-(b): I 4d and F 2s photoemission peaks measured with intensity
I=2.7·108 photons/pulse (empty black circles) and their fitting (blue solid line) given
by the sum of two Gaussian functions (dashed and solid black lines) and of a linear
background (dash-dotted black line). (c)-(f): Energy shift ∆ES ((c) and (d)) and
energy broadening ∆EB ((e) and (f)) calculated for the experimental (full black
squares) and simulated (empty red circles) I 4d and F 2s photoemission peaks as a
function of the number of photons per pulse I. For the simulated spectra the number
of photons per pulse I is estimated from the number of photoelectrons per µm ne using
equation (1). The straight lines are linear fitting to the reported points according to
the relations ∆ES = aI and ∆EB = bI, the intercept being fixed at zero.
Table 1. Slopes of the best-fitting straight lines for the measured and simulated energy
shift ∆ES and broadening ∆EB of the I 4d and F 2s peaks as a function of the number
of photons per pulse I (figure 3 (c)–(f)). a is the slope of ∆ES and b is the slope of
∆EB and both the coefficients are expressed in electronvolt per billion photons in a
single pulse.
I 4d F 2s
a (eV/109 ph.) b (eV/109 ph.) a (eV/109 ph.) b (eV/109 ph.)
Experiment −1.570± 0.032 2.284± 0.038 −0.767± 0.032 0.964± 0.051
Simulation −1.583± 0.088 3.45 ± 0.12 −1.363± 0.088 3.29 ± 0.48
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overall photoemission line w. The energy shift of the peak can then be calculated
as the difference ∆ES = EM − EM0 and the energy broadening as the root of the
difference of squares ∆EB =
√
w2 − w2
0
[46], where EM0 and w0 are the main-peak
position and the FWHM without space charge. EM0 and w0 can be obtained from
the analysis of the simulated spectra at the initial time t=0 and they results for
I 4d peak EM0=37.3±0.2 eV and w0=3.3±0.2 eV while for the F 2s peak they are
EM0=55.8±0.2 eV and w0=6.0±0.4 eV. The found values of energy shift ∆ES as a
function of the number of photon per pulse I are reported in figures 3 (c) and (d)
for the I 4d and F 2s peaks, respectively. The obtained values of energy broadening
∆EB of the two peaks are presented in figures 3 (e) and (f). The four panels (c)–(f)
in figure 3 allow to compare the effects of space charge in the experimental (full black
squares) and simulated (empty red circles) spectra. Both experiments and simulations
show that the energy shift and broadening have an approximately linear dependence on
the pulse intensity (i.e. the number of photoelectrons), a behaviour already observed in
photoemission from solid samples in previous experimental and theoretical investigations
[23, 39, 46, 52]. The straight lines in the aforesaid panels are linear fitting to the
reported experimental and simulated values and their slopes, reported in table 1, are
the coefficients of proportionality between the space-charge effects (∆ES, ∆EB) and
the pulse intensity I, expressed in terms of electronvolts per billion photons in a single
pulse. It is evident that, for the same pulse intensity, simulation in general tends to
slightly overestimate the space-charge effects with respect to the results provided by
the experiment. Nevertheless, the difference between experiment and calculation in
the obtained values of slope reported in table 1 is never greater than a factor ∼3, a
discrepancy which is similar to that found in analogous studies for photoemission from
solid surfaces [46]. This corresponds to an acceptable quantitative agreement between
experiment and simulations, considering the simplicity of the implemented model and
the critical approximations that have been adopted.
Using the simulation procedure it is also possible to study the dynamics of the
energy distribution of the photoelectrons. As an example, in figure 4 (a) we report
the evolution of the simulated I 4d spectrum for a moderate radiation intensity
(I=1.0·109 photons/pulse) in the time range t=0–125 ps from the arrival of the radiation
pulse and the concomitant photoemission event. The values of the energy position EM
and of the FWHM w as a function of time extracted from the fitting of the photoemission
peaks are reported in the panels (b) and (c). From the data reported in these figures,
it is evident that the two space-charge effects present a clearly different dynamics. A
progressive broadening of the electron energy distribution starts immediately after the
photoemission event while the maximum of the peak initially does not move. The shift
of the peak towards lower kinetic energy begins to be evident at a time t ≈4 ps. The
variations of the I 4d energy position and FWHM mostly occur in the first 10 ps and
the evolution of the photoemission structure can be considered completed at the end of
the simulation at t=125 ps.
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Figure 4. (a): Simulated I 4d core-level photoemission peak at different times t
with a linear density of photoelectrons ne=0.96·103 electrons/µm, that corresponds to
an intensity I=1.0·109 photons/pulse according to equation 1). (b)-(c): The energy
position EM of the maximum of the I 4d5/2 component (b) and the FWHM of the
overall I 4d peak (c) extracted from the fitting of the simulated spectra in panel (a)
and reported as a function of time t.
5. Discussion
The progressive shift towards lower kinetic energies of the PES structures with
increasing the pulse intensity, observed in the experimental spectra and reproduced by
the simulations, constitutes the most striking difference with the case of photoemission
from solid surface, where a shift towards higher kinetic energies is commonly
experienced. In the case of photoemission for the gas phase, the reduced kinetic energy
of the photoelectrons is clearly ascribed to the attractive force exerted by the positive
ions which basically remains in the cylinder of gas crossed by the FEL radiation beam
during the flight of the negative particles. The positive charge of the ions exerts on the
photoelectrons, which are escaping and moving away from the irradiated gas region, a
force directed back towards the cylinder, determining a decrease of their kinetic energy.
In photoemission from solids, the space-charge effects are instead dominated by the
secondary electrons in the 0–20 eV kinetic-energy range [23,52], which, as already stated,
constitute the majority of the overall photoelectrons [57]. The secondary electrons
and the higher-energy electrons of the other spectral structures (valence band, core
levels, Auger electrons and inelastic background) emerge at the same time from the
radiation spot on the sample surface but are quickly spatially separated on account of
their different velocities. The numerous and slower secondary electrons remain closer
to the surface and as a result of the Coulomb repulsion push away the other electrons,
which in this case acquire a higher kinetic energy. Positive charges are present also
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in photoemission from solids, in the form of mirror charge of the photoelectrons if
the surface is metallic whereas for an insulator the positive ions left in the region
of the radiation spot cannot be neutralized. Nevertheless, the attractive force that
the positive charge on the sample surface exerts on the high-energy photoelectrons is
mostly shielded by the interposed secondary electrons, resulting on the whole in an
increased kinetic energy [23,46]. This screening effect of the positive charge is absent in
the photoemission from a rarefied gas because the production of secondary electrons is
much smaller, due to the low density and the extremely larger electron mean free path.
In gas-phase photoemission, the effect of the attractive force of the positive ions
and the related negative shift of the PES structures depends on the kinetic energy.
Photoelectrons having different kinetic energy (and consequently different velocity)
are subject to a progressive spatial separation after their common emission from
the irradiated cylinder of gas. Electrons emitted from the valence band have the
highest kinetic energy (70–85 eV) and move away from the cylinder faster than the
other photoelectrons. The attractive force that the positive ions exert on these faster
photoelectrons is mostly shielded by the interposed photoelectrons with lower kinetic
energy that oppose a counteracting repulsion. This explains the absence of energy
shift for the valence band structures at moderate intensities revealed in the experiment
(figure 1) and reproduced by the simulation procedures (see figure 2).
Immediately after the photoemission event there is no spatial separation between
positive ions, slower electrons and faster electrons, all the charged particles being
contained in the irradiated cylinder. Once the photoelectrons have left the cylinder, the
positive charge of the almost immobile ions exerts on the photoelectrons around them
an attractive force directed back towards the cylinder. The work performed by this
attractive force reduces the overall kinetic energy of the photoelectrons determining the
negative shift. On the contrary, random Coulomb interactions and scattering events of
a photoelectron with the other electrons and the ions may either increase or decrease its
net kinetic energy. This is the stochastic contribution to the space-charge effects, already
mentioned in the Introduction, and is an important source of the energy broadening
of the PES structures. This explains why the simulated evolution of the I 4d peak
(see figure 4) indicates that the effect of energy broadening temporally precedes the
energy shift. A random modification in the kinetic energy of the photoelectrons and the
resulting energy broadening starts immediately after the photoemission event, when all
the charged particles are in the irradiated cylinder. The energy shift requires a spatial
separation between ions and electrons and can occur only when most of the electrons
have left the positively charged cylinder. For example, in the case of the simulated I 4d
evolution, the energy shift appears only about t=4 ps after the emission, a time during
which the I 4d photoelectrons (∼36 eV) travel a distance of ∼14 µm. Considering a
isotropic emission of the photoelectrons, this corresponds to a mean distance traveled
in a direction perpendicular to the cylinder’s axis of ∼11 µm, which is comparable with
the diameter of the beam. This indicates that the negative energy shift of the I 4d
photoelectrons starts only when most of them have the cylinder of the irradiated gas.
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6. Conclusions
The present study illustrates an experimental and computational investigation of the
space-charge effects in PES from a molecular gas using VUV radiation generated by a
FEL apparatus as a pulsed source. Shift and broadening of the PES structures were
monitored as a function of the pulse intensity I. In contrast to photoemission from solid
samples, where the PES structures are subject to Coulomb interactions that increases
their kinetic energy, in photoemission from gases a progressive shift towards lower kinetic
energies is observed. This different behaviour is ascribed to the secondary electrons
that dominate the space-charge effects in photoemission from solids but are much less
numerous in the case of gases and cannot shield the attractive force of the positive ions.
Nevertheless, the extent of this negative energy shift depends on the kinetic energy
and is almost absent for the photoelectrons originated from the valence orbitals due to
the shielding effect of the lower-energy electrons. Only for very high photon fluxes the
valence photoemission structures are shifted, but towards higher kinetic energies. All
the evidenced space charge effects are perfectly reproduced by the N -body simulations
that take into account the Coulomb interactions among the photoelectrons and with
the positive ions. In the new presented approach, a reliable initial energy distribution
for all the photoelectron is provided by a low-intensity measurement and the simulation
procedure calculates the modifications occurring in the full photoelectron spectrum.
Despite some strong approximations adopted to reproduce the investigated system,
a reasonable quantitative agreement between the experimental and simulated results
was obtained. Simulations also give information on the time evolution of the space-
charge effects and show that the broadening effect precedes the energy shift of the
photoemission structures. The results of the present study on photoemission from the
gas phase validate the effectiveness of the proposed simulation procedure, which can
be extended to experiments on solid surfaces and to the use of other types of pulsed
sources. The illustrated method can be also applied on molecular dynamics calculations
based on the particle-to-particle (p2p) approach, where the contribution of the positive
charge of ions is of critical importance.
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